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Abstract 
We present a novel motion conversion mechanism which is fully compatible with standard mass-fabrication micromachining. 
The new mechanism is designed to linearly convert in-plane motion induced by electrostatic comb-drive actuators, to out-of-
plane motion. The conversion mechanism is constructed from pairs of beams with two different heights. Motion conversion is 
achieved by fastening these beams together using a small number of rigid connectors. The rigid connectors stiffen the structure 
in-plane response, but induce an out-of-plane motion. We fabricated new test devices and demonstrated parallel out-of-plane 
motion of a flat stage. 
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1. Introduction 
Parallel out-of-plane motion is coveted for a variety of applications such as: Laser beam steering, confocal 
microscopy [1, 2], infrared sensors [3], light modulators [4-6] and more.  
The most common method for inducing motion in MEMS is electrostatic actuation. Out-of-plane electrostatic 
actuation usually requires the positioning of two electrodes one above the other, to produce a gap-closing actuator. 
Gap-closing actuators suffer from an inherent nonlinear response, and a small range of stable motion (up to the pull-
in point). In contrast, in-plane electrostatic comb-drive actuation offers a linear response over a large range of 
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motion [7, 8]. Using well established in-plane comb-drive actuators, and combining them with a conversion 
mechanism can produce a well-controlled out-of-plane motion. This elegant solution was introduced by Ando et al. 
[9, 10]. Their conversion mechanism was constructed from beams with a slanted cross-section which induce out-of-
plane displacement when subjected to an in-plane force. Devices with beams of both slanted cross-sections 
(necessary for the conversion mechanism), and vertical cross-sections (necessary for the comb-drive fingers), are 
incompatible with mass-fabrication techniques.  
In this work, we present a new conversion mechanism based on beams with two different heights, which are 
fastened together by a small number of rigid connectors [11]. All beams in the new mechanism have a vertical cross-
section, and are therefore compatible with standard DRIE milling. The new mechanism allows well controlled linear 
out-of-plane displacements. The conversion ratio can be controlled and fitted to different applications, by a simple 
change of geometry parameters. 
2. Design 
The new conversion mechanism is constructed from pairs of parallel beams with two different heights, fastened 
together with rigid connectors. The rigid connectors induce a coupling between in-plane and out-of-plane responses, 
and create an effective slanted cross-section in the sense that its principle second moment axes are tilted. Figure 1 
presents the new motion conversion mechanism without the actuating comb-drives. 
 
 
Fig. 1 – The new motion conversion mechanism, constructed from dual height beams which are compatible to mass fabrication.  
3. Fabrication process 
The motion conversion mechanisms are fabricated in a one sided SOI process, with a specific step for reducing 
the height of the short beams [12, 13]. The process flow is summarized in Fig. 2. The starting material is an SOI 
wafer (Fig. 2a) with a thick buried oxide layer (4Pm). Silicon oxide is deposited using PECVD (Fig. 2b), and 
following a first lithography step silicon oxide is etched using RIE (Fig. 2c). This step defines the openings where 
recessed (short cross-section) beams will be later defined. To eliminate misalignment effects we design 10Pm 
openings where the beams width will be 5Pm.  
 
 
Fig. 2 – Fabrication process flow. (a) Starting material (b) Oxide deposition PECVD (c) First lithography and oxide etch - RIE (d) Second 
lithography and oxide etch - RIE (e) Silicon etch - DRIE. (f) Photo resist stripping (the recessed beams are not protected with oxide hard mask) 
(g) Short DRIE step for the recessed beams. (h) Gold evaporation - metal pads. (i) Box removal. 
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This allows for a 2.5Pm error in the alignment of the next lithography step. The device structures are then 
patterned (Fig. 2d), and the exposed oxide layer is etched with RIE. The Silicone is etched using standard DRIE 
milling (Fig. 2e), and only then the photoresist is stripped (Fig. 2f). This leaves the device protected by a Silicon 
oxide hard mask, except in the areas of the first openings where the etched beams will be next recessed. Another 
DRIE step is used to etch the unprotected beams (Fig. 2g). Gold pads are evaporated through a shadow mask (Fig. 
2h), and the BOX is etched with BOE to release the device (Fig. 2i). 
Figure 3 shows a SEM photo of the fabricated device, and the inset shows a close-up of the dual-height 
structures. The tall beam height is 50Pm (device layer thickness) and the short beam height isPm. 
 
 
Fig. 3 – SEM photo of a fabricated device. The inset shows a close-up of the dual height beam area. The tall beam height is 50Pm (the device 
layer thickness) and the short beam height is 20Pm. 
4. Simulation results 
The response of the structure as a function of various parameters was thoroughly investigated using COMSOL 
simulations. We present simulated predictions of the structure vertical displacement in Fig. 4. The vertical motion of 
a typical mechanism, for a fixed in-plane motion of 10Pm is presented in Fig. 4a. The different data points are for 
similar devices, but with different numbers of stiffening connectors. The conversion ratio increases with increasing 
number of connectors. The relation between the converted out-of-plane motions as a function of the induced in-
plane motion is shown in Fig. 4b. This demonstrates that the in-plane and out-of-plane motions are linearly related.  
 
 
 
Fig. 4 – COMSOL simulation results. (a) Vertical motion as a function of the number of connectors (for an in-plane motion of 10Pm). (b) out-of-
plane motion as a function of in-plane motion, for identical structure but with different numbers of connectors. This demonstrates the flexibility 
of the design: for the same suspension dimensions, the conversion ratio can be determined by modifying the number of connectors. 
5. Experiment results 
A device of the type shown in Fig. 1, with 15 connectors, was characterized using a laser vibrometer. The 
actuating comb-drives were subjected to an ac voltage to induce the in-plane motion. The velocities of the corners of 
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the flat stage (inset of Fig. 5) were measured, and the inferred out-of-plane displacements are shown in Fig. 5. All 
four points have the same displacement with a maximal error of 4%, demonstrating a parallel motion of the stage. 
There is a linear relation between voltage (i.e. in-plane motion) and out-of-plane motion, as predicted by the 
simulations. 
 
 
Fig. 5 – Out-of-plane displacements of the corners of the central stage (microphoto on the lower right corner). For each point there is a linear 
relation between voltage and displacement. 
6. Conclusion  
We presented a new motion conversion mechanism based on dual height beams which is fully compatible with 
mass-fabrication micromachining. The mechanism offers a linear relation between well established in-plane comb-
drive actuation and out-of-plane motion. The conversion mechanism can be tailored to obtain a variety of 
conversion ratios for different applications. Using test devices we demonstrated the parallel motion of a flat stage, 
and showed the linear relation between applied voltage and out-of-plane displacement.  
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